Objective: To search for new therapies aimed at ameliorating the neurologic symptoms and epilepsy developing in patients with Lafora disease. Methods: Lafora disease is caused by loss-of-function mutations in either the EPM2A or EPM2B genes. Epm2a À/À and Epm2b À/À mice display neurologic and behavioral abnormalities similar to those found in patients. Selenium is a potent antioxidant and its deficiency has been related to the development of certain diseases, including epilepsy. In this study, we investigated whether sodium selenate treatment improved the neurologic alterations and the hyperexcitability present in the Epm2b À/À mouse model. Results: Sodium selenate ameliorates some of the motor and memory deficits and the sensitivity observed with pentylenetetrazol (PTZ) treatments in Epm2b À/À mice. Neuronal degeneration and gliosis were also diminished after sodium selenate treatment. Significance: Sodium selenate could be beneficial for ameliorating some symptoms that present in patients with Lafora disease.
Lafora disease (OMIM 254780; ORPHA501) (LD) is a rare autosomal recessive form of progressive myoclonus epilepsy that presents in adolescence with absence, visual, myoclonic, and tonic-clonic seizures or cognitive decline. Myoclonus and seizures respond temporarily to treatment, although they gradually become untreatable. Rapid neurologic deterioration including ataxia, dementia, dysarthria, amaurosis, and respiratory failure leads to death within 5-10 years of disease onset. 1, 2 The principal pathologic feature of LD is the presence of periodic acid-Schiff (PAS)-positive intracellular inclusions of polyglucosans, known as Lafora bodies (LBs), which accumulate in brain, liver, heart, and other tissues. 1, [3] [4] [5] LD is caused by recessive mutations either in the EPM2A gene encoding a dual-specificity phosphatase known as laforin (OMIM 607566) [6] [7] [8] [9] or in the EPM2B gene encoding malin (OMIM 608072), an E3 ubiquitin ligase. 10, 11 At present, no therapy exists for this disease. Different mouse models of LD have been generated by disrupting either the Epm2a 12 or the Epm2b gene. [13] [14] [15] Both Epm2a À/À and Epm2b À/À mice display many of the neurologic and behavioral abnormalities found in LD patients, including neuronal degeneration and the development of LBs in different organs. 12, 15 Absence of laforin and malin in LD models also produces reactive astrogliosis. 14, 16 Moreover, these models show altered motor activity, impaired motor coordination, and episodic memory deficits. 17 LD mice models present different degrees of spontaneous epileptic activity such as spontaneous single spikes, polyspikes, and spike-wave and poly spike-wave complexes correlating with myoclonic jerks. Occasionally Epm2a À/À mice, but not Epm2b À/À mice, also show spontaneous tonic-clonic seizures as recorded using electroencephalography (EEG) analysis. 17 Both, laforin and malin-deficient mice present an increased sensitivity to the chemoconvulsant pentylenetetrazol, 18 an antagonist of the type A c-aminobutyric acid (GABA A ) receptor. 19 The presence of hyperphosphorylated tau aggregates has also been reported in the brain of Epm2a À/À mice. 20, 21 At the cellular level, Emp2a À/À and Epm2b À/À mice present impaired autophagy and defects in the ubiquitin-proteasome system resulting in alterations in the machinery responsible for protein clearance. 15, 22, 23 An increase in oxidative stress and an impaired antioxidant response in the brain has been described in both mouse models. 24 Selenium is an essential trace element with antioxidant and antiinflammatory effects, and it has been implicated in the production of active thyroid hormone and in psychological functioning. 25, 26 It regulates the expression and activity of selenoenzymes, and thus provides protection from oxidative stress-induced cell damaged, which otherwise would lead to neuropsychiatric diseases and disorders like cerebrovascular disease, Alzheimer's disease (AD), Parkinson's disease, obsessive compulsive disorders, stroke, and epilepsy. 27 Low selenium status has been associated with cognitive decline in patients with AD, and with an increased propensity to seizures in humans and laboratory animals. 27, 28 Sodium selenate regulates the phosphorylation of some key proteins involved in oxidative stress, energy metabolism, and protein degradation in mouse models of different pathologies. 29 Moreover, sodium selenate reduces tau hyperphosphorylation by activating PP2A, halts the formation of neurofibrillary tangles, and prevents neurodegeneration, thereby improving memory and motor performance in mouse models of tauopathies. 30, 31 By dephosphorylating tau, sodium selenate also suppresses the epileptic seizures induced by various epileptogenic substances in rodent models, 32, 33 and attenuates brain damage, improving behavioral outcomes in rat models of traumatic brain injury. 34 Another oxidized form of selenium, sodium selenite, induces an anticonvulsant effect in PTZ-induced seizures in mice. 27 In order to find a new treatment that could improve the devastating neurologic alterations present in patients with LD, we analyzed the effects of sodium selenate in Epm2b À/À mice on motor behavior, memory function, and seizure susceptibility.
Methods

Animals
Malin-deficient mice were used for our study. Epm2b
À/À mutant mice were generated by deletion of the single exon encoding malin, as described in Criado et al. 15 Four groups of 12-25 animals were used per condition: wild-type mice; Epm2b À/À mice; Epm2b À/À mice with selenate treatment for 4 weeks; and Epm2b À/À mice with selenate treatment for 10 weeks.
The mouse colonies were bred at the IIS-Jim enez D ıaz Foundation Animal Facility, and were maintained in separate cages, on a 12:12-h light/dark cycle under constant temperature (23°C), and with access to food and water ad libitum. The experiments were conducted in accordance with the Declaration of Helsinki principles and the guidelines of the Institutional Animal Care and Use Committee, and were approved by the IIS-Fundaci on Jim enez D ıaz Ethical Review Board.
Sodium selenate treatment
Treatment with sodium selenate was performed in Epm2b À/À mice at 9 months of age. Sodium selenate (Sigma Chemicals, St. Louis, MO, U.S.A.) was dispensed at a dose of 1.2 mg/100 ml in water ad libitum 31 during 4 or 10 weeks, and animals were then subjected to the tests detailed below. After 1 month of analysis, five animals from each group of treatment were anesthetized and transcardially perfused with 4% phosphate-buffered paraformaldehyde for histochemical analysis. Brains were recovered from mice at 11 months of age for the group with 4 weeks of treatment, and at 12 months of age for the group with 10 weeks of treatment, and processed for histologic analysis.
Motor coordination and balance
An accelerating rotarod (Panlab/Harvard) was used to test neuromuscular abnormalities and resistance to fatigue. The ability of the mice to remain on the rod was measured according to the time elapsed until they fell (latency time) after 2 days of training. 17 
Tail suspension test (TST)
The TST was used to evaluate dyskinesia and abnormal hindlimb clasping response of mice when subjected to tests of vertical suspension from the tail. Each mouse was vertically suspended from the middle of the tail for 30 s and their
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• Sodium selenate reduces seizure sensitivity of responses were scored using a behavioral scale ranging from "0," when the hindlimbs were completely extended (normal wild-type posture); "1," when one or both hindlimbs were intermittently extended and bent; and "2," when both hindlimbs were completely bent and folded into the abdomen. The number of animals falling under each behavioral-scale value was represented as a percentage of the total.
Spontaneous activity
A computerized actimeter (PanLab/Harvard) was used to study the spontaneous motor activity of the mice. The number of times that the animal crossed the infrared light beams located at the actimeter cage was counted for spontaneous surface displacement, and for rearing and stereotyped movements with the Sedacom 1.4 sofware (Panlab/Harvard) at 15-, 30-, 45-, and 60-min intervals. 17 The arena of the actimeter was divided into two zones-the central and the surrounding area-and the percentage of time spent in the central zone was also quantified (Actitrack 2.7.13 Panlab/ Harvard).
Object recognition task (ORT)
We used the ORT to measure episodic memory retention. Briefly, two objects of similar texture, color, and size (Lego toys) were placed in the center of a black wood chamber. 17 The time employed in exploring the two equivalent objects (tA and tB, objects A and B) was measured for each mouse in the sample familiarization phase. The test session was performed 2 h later, and the times (tA and tC) that animal spent exploring two objects, a familiar object (A), and a novel object (C), were recorded. A discrimination index (DI) was calculated as the ratio of the difference between the exploration times of the new object (tC) and the familiar object (tA) with respect to the total (tT) exploration time, and was expressed as the following equation: DI = tCÀtA/tT.
PTZ treatment
PTZ (Sigma Chemicals) was administered intraperitoneally as a single injection at 30 and 50 mg/kg. 35 The percentage of mice showing PTZ-induced myoclonic jerks and generalized seizures was monitored over a period of 45 min. In addition to measuring epileptic activity, PTZinduced lethality was also analyzed for each drug dose.
Histology and Immunohistochemistry
The animals were anesthetized and perfused transcardially with 4% phosphate-buffered paraformaldehyde. Brains were removed and embedded in paraffin. Brain blocks were then sectioned in serial arrays of 3-lm-thick sections and processed for PAS staining, as described previously. 36 For immunohistochemistry, slices were rehydrated in graded alcohols, incubated in boiling 0.1 M sodium citrate buffer pH 6.0, and subjected to two cycles of microwave irradiation for 2 min each for antigen retrieval. Sections were incubated with glial fibrillary acidic protein (GFAP) antibody (Millipore, Temecula, CA, U.S.A.), a neuronal specific marker (NeuN; Millipore) and AT8, an antibody directed against phospho-PHF-tau pSer202/Thr205 (Thermo Fisher Scientific Inc., Waltham, MA, U.S.A.) and stained using the Vectastain ABC kit (Vector Laboratories, Burlingame, CA, U.S.A.). Immunoreactivity was developed with diaminobenzidine and H 2 O 2 (DakoCytomation, CA, U.S.A.).
Statistical analysis
Values are given as means AE standard error of means (SEMs) or percentages. Differences between groups were analyzed by one-way analysis of variance (ANOVA) or chisquare test. Statistical significance was considered to be reached at *p < 0.05; **p < 0.01; ***p < 0.001; # p < 0.05; ## p < 0.01; ### p < 0.001 (Graph-PadPrism2.0) (n = 12-25).
Results
Motor coordination and abnormal gait improvement after treatment with sodium selenate in malin-deficient mice Malin-deficient mice showed alterations in motor coordination when they were analyzed using a rotarod, displaying a significantly lower mean latency than age-matched controls before falling from the rod 15 (Fig. 1A) . Here, in malin mutant mice, we studied the effects of the administration of sodium selenate on their motor coordination. After 4 weeks of treatment, sodium selenate slightly increased the time that Epm2b À/À mice stood on the rod, causing a significant increase in this time after 10 weeks of treatment, such that the differences with control mice disappeared (Fig. 1A) .
Lack of malin in mice also produced hind-limb clasping and abnormal gait response in the TST 15 (Fig. 1B) . Although the 4-week treatment with sodium selenate significantly improved the abnormal postures of mice, a longer treatment with this drug further ameliorated these alterations (Fig. 1B) .
Spontaneous locomotor activity alterations and anxietyrelated behavior of malin-deficient mice after treatment with sodium selenate Analysis of accumulated activity, rearing, and stereotyped movements in a computerized actimeter showed the presence of motor alterations in malin-deficient mice 15 ( Fig. 2A-C) . Here, we also measured the permanence of Epm2b À/À mice in the central zone of the arena to analyze exploration behavior (Fig. 2D) . We observed that Epm2b À/ À mice spent a lower percentage of time in the central zone of the arena than in the surrounding areas, indicating anxiety-like behavior (Fig. 2D) . After a short, 4-week treatment with sodium selenate, alterations of spontaneous accumulated ( Fig. 2A), rearing (Fig. 2B) , and stereotyped (Fig. 2C ) movements, as well as anxiety-like behavior A chi-square test was performed for statistical analysis. *Indicates p < 0.05, **indicates p < 0.01, and ***indicates p < 0.001 when control mice were compared to Epm2b À/À mice; #indicates p < 0.05 and ###indicates p < 0.001 when Epm2b À/À mice were compared to Epm2b À/À mice with selenate treatment for 10 weeks. ML, malin-deficient mouse; Sel, sodium selenate. Epilepsia ILAE Figure 2 .
Motor and mood abnormalities in Epm2b
À/À mice after sodium selenate treatments. Patterns of accumulated motor activity in controls, Epm2b À/À mice, and Epm2b À/À mice with selenate treatment for 4 and 10 weeks, measured as (A) accumulated, (B) rearing, and (C) stereotyped movements (n = 25 for wild type, n = 25 for ML, n = 25 for ML + Sel [4 weeks], and n = 15 for ML + Sel [10 weeks] mouse groups). Quantitative data represent mean + SEM. Student's t-test was performed for statistical evaluation. (D) Percentage of time spent by all the four groups in the central zone of arena as a measure of anxiety-like behavior (n = 12 for wild type, n = 12 for ML, n = 12 for ML + Sel [4 weeks], and n = 12 for ML + Sel [10 weeks] mouse groups). Statistical analysis was performed with one-way ANOVA or the chi-square test. *p < 0.05; **p < 0.01; ***p < 0.001. Note that after 4 weeks of treatment with selenate, motor performance and anxiety improved, whereas a longer treatment eliminated this advance in motor performance and reduced mood improvement. ML, malin-deficient mouse; Sel, sodium selenate. Epilepsia ( Fig. 2D) significantly improved. Unexpectedly, sodium selenate treatment over 10 weeks reversed this effect, and Epm2b À/À mice presented similar altered spontaneous activity than untreated malin-deficient mice ( Fig. 2A-C) . This longer administration of sodium selenate improved exploration and anxiety in malin-deficient mice but to a lesser extent than the shorter treatment (Fig. 2D) .
Treatments with sodium selenate improved the episodic memory performance of malin-deficient mice
The effect of sodium selenate on episodic memory in Epm2b À/À mice was studied by measuring object recognition learning in the ORT. We previously reported that deletion of the malin gene in Epm2b À/À mice produced a deficit in episodic memory 15 (Fig. 3) . Herein we show that treatment with selenate for 4 weeks produced a significant improvement in memory performance in malin-deficient mice, while a longer treatment completely abrogated these memory deficits (Fig. 3) .
PTZ-induced myoclonus, generalized tonic-clonic seizures, and lethality in mice lacking malin are reduced after treatment with sodium selenate Following injection of a convulsive dose of PTZ (50 mg/ kg), mice displayed intervals of immobility and convulsive activity, which included hyperactivity, twitching, and hyperextension of the limbs that at times progressed to generalized tonic-clonic seizures, and occasionally to death. We previously recorded the percentages of PTZ-injected Epm2b À/À mice that presented muscular jerks, generalized tonic-clonic seizures, and lethality, and reported that lack of malin in Epm2b À/À mice increased the sensitivity to PTZ. 18 We show here that sodium selenate treatments decreased the hypersensitivity of malin-deficient mice to PTZ (Fig. 4) . Thus, the percentages of Epm2b À/À mice showing myoclonic jerks induced by PTZ at subconvulsive (Fig. 4A ) and convulsive doses (Fig. 4B ) (30 and 50 mg/ kg, respectively) were slightly reduced after treatment with sodium selenate. Moreover, treatment with selenate for 4 weeks also decreased the percentage of mice showing PTZ-induced generalized seizures and lethality even under the control levels (Fig. 4C,D) , whereas a longer treatment with selenate for 10 weeks completely eliminated generalized seizures and lethality in malin-deficient mice (Fig. 4C,  D) .
Effects of treatment with sodium selenate on gliosis, neuronal degeneration, and accumulation of PASpositive LBs
Absence of laforin and malin in LD models also produces gliosis.
14, 16 We estimated the amount of GFAP-positive cells in the dentate gyrus of malin-deficient mice after 4 and 10 weeks of sodium selenate treatment. After 4 weeks of treatment, the number of reactive astrocytes was slightly decreased, whereas selenate treatment for 10 weeks significantly reduced the gliosis produced by the lack of malin (Fig. 5A,D) . In addition, we analyzed the number of neuronal nuclei (NeuN) staining and the presence of PAS-positive LBs in equivalent sections of the hippocampus of malin-deficient mice after 4 and 10 weeks of treatment with sodium selenate. Treatment with sodium selenate reduced the neuronal loss observed in Epm2b À/À mice, as evaluated by quantifying NeuN staining (Fig. 5B,E) . The number of LBs in CA1 of malin null mice did not change significantly after sodium selenate treatments (Fig. 5C,F) .
Discussion
In this study, we used the Epm2b À/À malin-deficient mouse model of LD to search for new therapies aimed at ameliorating the neurologic symptoms and epilepsy developing in patients with LD. We report here the effects of sodium selenate, an oxidized form of selenium that presents antioxidant and anticonvulsant properties, 27, 29 on the neurologic alterations produced by the deficiency of the malin protein expression in the Epm2b À/À model at 11 months of age. In carrying out this experiment, we found that sodium selenate ameliorates some of these characteristic symptoms. Thus, motor coordination in the rotarod gradually improves after selenate treatment, as was reported previously for À/À mice with sodium selenate treatment for 4 (n = 20) and 10 (n = 12) weeks. The discrimination index (DI) was calculated as the ratio of the difference between the exploration time of the new (tC) and the familiar object (tA), and the total (tT = tA + tC) exploration time (DI = tCÀtA/tT). The DI of Epm2b À/À mice was poor, indicating deficits in the retention of episodic memory. Treatments with sodium selenate significantly and gradually improved the memory performance of malin-deficient mice. Values are expressed as mean + SEM. One-way ANOVA was performed.*p < 0.05; **p < 0.01. ML, malin-deficient mouse; Sel, sodium selenate. Epilepsia ILAE certain models of tauopathies, 30, 31 rendering Epm2b À/À mice indistinguishable from controls after 10 weeks of treatment. Sodium selenate also gradually improved the episodic memory performance of malin null mice, such that after 10 weeks of treatment these deficits disappeared and mutant mice reached the control levels. An improvement in memory performance was also shown previously in mouse models of AD after treatment with sodium selenate. 31 The abnormal postures and dyskinesia that characterize malindeficient mice, are also reduced after selenate treatment. Moreover, sodium selenate reduces the sensitivity of Epm2b À/À mice to PTZ, diminishing PTZ-induced myoclonus, generalized tonic-clonic seizures, and lethality. This amelioration of the hyperexcitability after treatment with sodium selenate was also described previously for other mouse models of epilepsy. 32 A faint improvement in spontaneous motor activity of malin null mice was shown after a short treatment with sodium selenate, whereas a longer treatment gradually worsened this behavior. This effect was also observed when the time spent in the central zone of the arena was measured. Thus, a short selenate treatment improved the anxiety-like behavior of Epm2b À/À mice, although a longer treatment lessened this favorable effect. Astrogliosis and neuronal cell degeneration was also diminished after sodium selenate treatment. The positive effects of sodium selenate on these neurologic alterations of malindeficient mice may be attributed to the reduction of oxidative stress and to the amelioration of neuronal cell death and gliosis rather than to an action on abnormal glycogen aggregation, since no effects on the amount of LBs were observed after treatment. As noted earlier, sodium selenate was shown to improve neurologic symptoms and epilepsy in different rodent models throughout the activation of PP2A and dephosphorylation of tau, thus preventing the appearance of neurodegenerative processes and seizures. [30] [31] [32] Previous reports on laforin-deficient mice have shown the presence of hyperphosphorylated tau aggregates in different regions of the brain. 20, 21 However, we did not observe hyperphosphorylated tau aggregates in the brain of the malin null mice (data not shown). The lack of tau neuropathology in our LD model indicates that the positive effects of sodium selenate are not due to the activation of PP2A and prevention of tau 
Sensitivity of Epm2b
À/À mice to the chemoconvulsant agent PTZ after treatment with sodium selenate. Percentage of Epm2b À/À mice with myoclonic jerks after intraperitoneal injection of PTZ at doses of (A) 30 mg/kg and (B) 50 mg/kg significantly decreased after treatment with selenate for 10 weeks. Sodium selenate administration also reduced PTZ-induced (C) generalized seizures, and (D) lethality after 4 week of treatment, whereas at 10 weeks, generalized seizures and lethality disappeared (n = 25 for wild-type, n = 25 for ML, n = 15 for ML + Sel [4 weeks], and n = 12 for ML + Sel [10 weeks] mouse groups). Chi-square was performed for statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001. ML, malin-deficient mouse; Sel, sodium selenate. Epilepsia , and Epm2b À/À after sodium selenate treatment for 4 or 10 weeks. Visual blinded quantification was performed in the dentate gyrus and CA1 regions of the hippocampus. Both hemispheres of the brain were quantified in three mice of each group. One-way ANOVA was performed for statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001. ML, malin-deficient mouse; Sel, sodium selenate. Epilepsia ILAE hyperphosphorylation. Further experiments must be performed to assess the glycogen response to sodium selenate and the mechanisms of action involved in the neurological improvement of our malin-deficient model.
Several treatment-related adverse events have been reported in sodium selenate clinical trials, for example, nausea, diarrhea, fatigue, muscle spasms, alopecia, and nail disorders. 37 Long-term exposure to selenium also produced fatigue and other symptoms. 38 No treatment-related events were observed during sodium selenate administration to malin-deficient mice, although the gradual decline of the initial improvement in motor and anxiety-related behavior during treatment may be due to side effects of selenium. A novel sodium selenate clinical trial has reported to be safe and well tolerated in patients with AD, at doses up to 30 mg per day for 24 weeks. 39 A previous report from Berthier et al. and our group 40 showed that administration of certain chemicals ameliorated some neurologic alterations found in our Epm2b À/À malin-deficient mouse model. Thus, both the chaperone 4-phenylbutyric acid (4-PBA) and the neuroprotector metformin produced beneficial effects on the performance of malin-deficient mice in different functional assays. 4-PBA and metformin are already approved for clinical use in different neurologic pathologies, and selenium is a common ingredient over-the-counter. Therefore, assays with sodium selenate in combination with other substances should be performed in LD animal models, and further tested in clinical trials for their ability to ameliorate some symptoms that present in patients with Lafora disease.
